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The onnetion between moleular resonane phenomena in light heavy-ion ollisions, alpha-
lustering and extremely deformed states in light α-like nulei is disussed. For example, the
superdeformed bands reently disovered in light N=Z nulei suh as
36
Ar,
40
Ca,
48
Cr, and
56
Ni
by γ-ray spetrosopy may have a speial link with resonant states in ollisions with α-like nulei.
The resonant reations involving idential bosons suh as
12
C+
12
C,
16
O+
16
O
24
Mg+
24
Mg and
28
Si+
28
Si are of interest. For instane, a buttery mode of vibration of the J
pi
= 38
+
resonane
of
28
Si+
28
Si has been disovered in reent partile γ-ray angular orrelations measurements.
The searh for signatures of strongly deformed shapes and lustering in light N=Z nulei is also
the domain of harged partile spetrosopy. The investigation of γ-deays in
24
Mg has been
undertaken for exitation energies where previously nulear moleular resonanes were found in
12
C+
12
C ollisions. In this ase the
12
C-
12
C sattering states an be related to the breakup
resonane and, tentatively, to the resonant radiative apture
12
C+
12
C reation.
1. Introdution
The reent disovery of highly deformed shapes and superdeformed (SD) rotational
bands in the N=Z nulei
36
Ar [1℄,
40
Ca [2℄,
48
Cr [3,4℄ and
56
Ni [5℄ has renewed the interest
in theoretial alulations for sd-shell nulei around
40
Ca [6,7,8℄. Therefore the ACN ≈ 30-
60 mass region beomes of partiular interest [9℄ sine quasimoleular resonanes have also
been observed for these α-like nulei, in partiular, in the 28Si+28Si reation [10,11,12℄.
Although there is no experimental evidene to link the SD bands with the higher lying
rotational bands formed by known quasimoleular resonanes [13℄, both phenomena are
believed to originate from highly deformed ongurations of these systems. The interpre-
tation of resonant strutures observed in the exitation funtions in various ombinations
of light α-luster nulei in the energy regime from the barrier up to regions with exi-
tation energies of 30-50 MeV remains a subjet of ontemporary debate. In partiular,
in ollisions between two
12C nulei, these resonanes have been interpreted in terms of
nulear moleules [13℄. However, in many ases these strutures have been onneted
to strongly deformed shapes and to the alpha-lustering phenomena [14,15,16℄. There
has been a ontinuing disussion as to whether these moleular resonanes represent true
luster states in the
24
Mg ompound system, or whether they simply reet sattering
states in the ion-ion potential. In this paper, a few examples will be given showing the
lose onnetion between moleular resonane phenomena, alpha-lustering, and nulear
2deformation.
2. Moleular resonanes in
28
Si+
28
Si
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Figure 1: γ-ray angular orrelations of the
(2
+
1 ,2
+
1 ) state of the
28
Si +
28
Si exit-hannel for
the 3 quantization axes dened in the text. The
solid and dashed urves are ts of the data and
preditions, respetively.
The moleule-like sequenes of reso-
nanes observed in
28
Si +
28
Si with mea-
sured angular momenta up to L = 42h¯
represented some nulear exitations with
the highest spins ever observed [10℄. In
the number of open hannels model [17,18℄,
highly suessful in seleting the systems
showing resonane behavior, the main on-
dition for observing a resonane behavior is
assoiated with surfae transpareny. The
28
Si +
28
Si reation is a partiularly fa-
vorable ase [18℄, where the orresponding
optial model (OM) potentials have small
imaginary omponents at distanes orre-
sponding to peripheral ollisions. There-
fore, the well established J
pi
= 38
+
mole-
ular resonane observed in
28
Si +
28
Si data
at Elab = 112 MeV has been studied at
the Vivitron Tandem faility of the IReS
by both fragment-fragment and fragment-
fragment-γ oinidene measurements [11,
12℄. A subsequent experiment [19℄ using
harged partile spetrosopy tehniques
with the Iare multidetetor array [20℄
has indiated the ourene of strongly
deformed shapes at high spin (with axis
ratios onsistent with SD bands) for the
56
Ni omposite system at the resonant en-
ergy in agreement with very reent γ-ray
spetrosopy data obtained at muh lower
spins [5℄. From the analysis of the par-
tile angular distributions of the mass-
symmetri
28
Si +
28
Si exit-hannel [12℄, it ould be onluded that, at the resonane
energy, the spin vetors of the
28
Si fragments do not ouple with the orbital angular mo-
mentum, leading to m = 0. The fragment-fragment-γ oinidene data [11℄ demonstrate
that for the
28
Si fragments, the mutually exited states are the most strongly populated.
The resonane behavior appears to involve preferentially the low-lying states of the mass-
symmetri hannel.
In Fig. 1 the results of the γ-ray angular orrelations for the mutual exitation exit-
hannel (2
+
1 ,2
+
1 ) are shown. The distributions are presented in terms of the polar angles
with respet to the three dierent quantization axes dened as: (a) the beam axis, (b) the
3axis normal to the sattering plane, and () the axis perpendiular to both axes dened in
(a) and (b). The () axis orresponds approximately to the moleular axis of the outgoing
binary fragments. the strong minimum in Fig. 1(b) at 90
◦
implies that the magneti
substate m is equal to zero (m = 0), and, thus, that the intrinsi spin vetors of the 2+
states are oriented in the reation plane perpendiularly to the orbital angular momentum.
The value of the total angular momentum, therefore, remains lose to L = 38 h¯, in good
agreement with the angular distributions results [12℄. These observations do favor the
alulations of the moleular model of Uegaki and Abe [21℄, whih predit a vanishing
spin alignment for
28
Si +
28
Si arising from a buttery mode of vibration of the di-nulear
system at the resonane energy.
3. Spin-alignment measurements of moleular states
The present
28
Si +
28
Si data show, for the rst time in a heavy-ion ollision, a vanishing
spin alignment. Therefore, the omparison between the three symmetri systems
12
C +
12
C,
24
Mg +
24
Mg and
28
Si +
28
Si in Fig. 2 shows an interesting ontrast in the spin
orientation at resonane energies.
Figure 2: Equilibrium ongurations of three
dierent dinulear systems : a) for
24
Mg +
24
Mg, b) for
28
Si +
28
Si, and ) for
12
C +
12
C.
The results indiate that the
28
Si +
28
Si oblate-oblate system, illustrated by
Fig. 2(b), is haraterised by spin dis-
alignment in ontrast to the spin align-
ment observed for both the
12
C +
12
C sys-
tem [22,23℄ of Fig. 2() (oblate-oblate) and
the
24
Mg +
24
Mg system [24℄ of Fig. 2(a)
(prolate-prolate). Moleular-model alu-
lations [21℄ are apable to explain the van-
ishing spin alignment in the oblate-oblate
28
Si +
28
Si system [12℄, where both nulear
spin vetors are perpendiular to the or-
bital angular momentum lying in the rea-
tion plane.
A new buttery mode of vibration for
the
28
Si-
28
Si triaxial moleule an then be
speulated. However, the question of why
the spin orientations in the two oblate-
oblate systems
28
Si +
28
Si and
12
C +
12
C
are so dierent is still unlear. Dierenes
in the interations between the onstituent
nulei may play a key role. For example,
there is a remarkable dierene in the avail-
able moleular ongurations in the exita-
tion spetra of the
12
C and
28
Si nulei. In
12
C +
12
C there are few moleular ongu-
rations, loated at the energies assoiated
with the observed resonanes, while in
28
Si
4+
28
Si there are many more ongurations.
It is possible that the large number of avail-
able ongurations [18℄ allows for the formation of oherent or olletive states. This
explains the sharp resonanes whih deay into many inelasti hannels. In the
12
C +
12
C system, suh oherent eets may not be allowed to develop. In this ase the indi-
vidual ongurations may be observed. Overall, the results of these experiments provide
further support for reent theoretial investigations that view the resonanes in terms of
shape-isomeri states stabilized in hyperdeformed seondary minima [14,15,16℄. However,
a more global understanding will surely require a more fundamental synthesis of the the-
ories whih desribe reation mehanisms with those desribing nulear struture at high
exitation energy and angular momentum.
4.
24
Mg breakup states and the
12
C+
12
C moleule
In the framework of the searh for nulear moleules the most spetaular results
have often been obtained for the
12
C+
12
C reation [17℄. However, the question whether
12
C+
12
C moleular resonanes represent true luster states in the
24
Mg ompound sys-
tem, or whether they simply reet sattering states in the ion-ion potential is still
unresolved [13℄. In many ases these strutures have been onneted to strongly de-
formed shapes and to the alpha-lustering phenomena, predited from the α-luster
model [14℄, Hartree-Fok alulations [15℄, the Nilsson-Strutinsky approah [16℄. Various
deay branhes from the highly exited
24
Mg
∗
nuleus, inluding the emission of α partiles
or heavier fragments suh as
8
Be and
12
C, are possibly available. However, γ-deays have
not been observed so far. Atually the γ-ray branhes are predited to be rather small
at these exitation energies, although some experiments have been reported [25,26,27℄,
whih have searhed for these very small branhes expeted in the range of 10
−4
-10
−5
frations of the total width [9,28℄. The rotational bands built on the knowledge of the
measured spins and exitation energies an be extended to rather small angular momenta,
where nally the γ-deay beomes a larger part of the total width. The population of
suh states in α-luster nulei, whih are lying below the threshold for ssion deays and
for other partile deays, is favored in binary reations, where at a xed inident energy
the omposite nuleus is formed with an exitation energy range governed by the two-
body reation kinematis. These states may be oupled to intrinsi states of
24
Mg
∗
as
populated by a breakup proess (via resonanes) as shown in previous works [29,30,31℄.
The
24
Mg+
12
C reation has been extensively investigated by several measurements of the
12
C(
24
Mg,
12
C
12
C)
12
C breakup hannel [29,30,31℄. Sequential breakups are found to our
from spei states in
24
Mg at exitation energies ranging from 20 to 35 MeV, whih are
linked to the ground state and also have an appreiable overlap with the
12
C+
12
C quasi-
moleular onguration. Several attempts [30℄ were made to link the
12
C+
12
C barrier
resonanes [13℄ with the breakup states. The underlying reation mehanism is now fairly
well established [31℄ and many of the barrier resonanes appear to be orrelated indiating
that a ommon struture may exist in both instanes. This is another indiation of the
possible link between barrier resonanes and seondary minima in the ompound nuleus.
The study of partile-γ oinidenes in binary reations in reverse kinematis is probably
a unique tool for the searh for extreme shapes related to lustering. In this way the
5Figure 3. Doppler orreted γ-ray spetrum for
24
Mg, using partile-partile-γ oinidenes,
measured in the
24
Mg(130 MeV)+
12
C reation with the BRS/Euroball IV detetion system
(see text).
24
Mg+
12
C reation has been investigated with high seletivity at Elab(
24
Mg) = 130 MeV
with the Binary Reation Spetrometer (BRS) in oinidene with Euroball IV installed
at the Vivitron [9,28℄. The hoie of the
12C(24Mg,12C)24Mg∗ reation implies that for
an inident energy of Elab = 130 MeV an exitation energy range up to E
∗
= 30 MeV in
24
Mg is overed [30℄. The BRS gives aess to a novel approah to the study of nulei
at large deformations [9,28℄. The exellent hannel seletion apability of binary and/or
ternary fragments gives a powerful identiation among the reation hannels, implying
that Euroball IV is used mostly with one or two-fold multipliities, for whih the total
γ-ray eieny is very high. The BRS trigger onsists of a kinematial oinidene set-up
ombining two large-area heavy-ion telesopes. Both detetor telesopes omprise eah a
two-dimensional position sensitive low-pressure multiwire hamber in onjuntion with a
Bragg-urve ionization hamber. All detetion planes are four-fold subdivided in order to
improve the resolution and to inrease the ounting rate apability (100 k-events/s). The
two-body Q-value has been reonstruted using events for whih both fragments are in
well seleted states hosen for spetrosopy purposes as well as to determine the reation
mehanism responsible for the population of these peuliar states. The inverse kinematis
of the
24
Mg+
12
C reation and the negative Q-values give ideal onditions for the trigger
on the BRS, beause the hosen angular range is optimum and beause the solid angle
transformation gives a fator 10 for the detetion of the heavy fragments. Thus we have
been able to over a large part of the angular distribution of the binary proess with
high eieny, and a seletion of events in partiular angular ranges has been ahieved.
In binary exit-hannels the exlusive detetion of both ejetiles allows preise Q-value
determination, Z-resolution and simultaneously optimal Doppler-shift orretion.
Fig. 3 displays a Doppler-orreted γ-ray spetrum in oinidene with 24Mg events
identied in the Bragg-Peak vs energy spetra of the BRS. All known transitions of
24
Mg [11,32℄ an be identied in the energy range depited. As expeted we see deays
feeding the yrast line of
24
Mg up to the 8
+
2 level. The population of some of the observed
6states, in partiular, the 2
+
, 3
+
and 4
+
members of the K
pi
= 2
+
rotational band, appears
to be seletively enhaned. The strong population of the K
pi
= 2
+
band and his 4
+
member at Ex = 6.01 MeV has also been observed in the
12
C(
12
C,γ) radiative apture
reation [33℄. Furthermore, there is an indiation of a γ-ray around 5.95 MeV whih
may be identied with the 10
+
1 → 8
+
2 transition as proposed in Ref. [32℄. It has been
heked in the γ-γ oinidenes that most of the states of Fig. 3 belong to asades
whih ontain the harateristi 1368 keV γ-ray and pass through the lowest 2+ state in
24
Mg. Still a number of transitions in the high-energy part of the spetrum (6-8 MeV)
have not been learly identied. Even at higher energies,
24
Mg states appear to show up
around 10 MeV (not shown) with very poor statistis and of unknown struture. Similar
states were also observed in the radiative apture reation [33℄. Their ourene may be
in qualitative agreement with a deay senario of radiative apture states proposed by
Baye and Desouvemont [34,35℄ in the framework of a mirosopi study of the
12
C+
12
C
system with the Coordinate Generator Method. The reason why the searh for a γ-deay
in
12
C+
12
C has not been onlusive so far [25,26,27℄ is due to the exitation energy in
24
Mg as well as the spin region (8h¯-12h¯) whih were hosen too high. The next step of the
analysis will be the use of the BRS trigger in order to selet the exitation energy range
by the two-body Q-value (in the
12
C+
24
Mg hannel), and thus we will be able to study
the region around the deay barriers, where γ-deay beomes observable. Aording to
reent preditions γ-rays from 6+ → 4+ should have measurable branhing ratios. Work is
urrently in progress to analyse the γ rays from the 12C(24Mg,12C 12C)12C ternary breakup
reation.
5. Summary and onlusions
We have disussed the possible link between resonant states in ollisions with idential
bosons suh as
12
C+
12
C,
24
Mg+
24
Mg and
28
Si+
28
Si and the SD bands reently disov-
ered in light N=Z nulei suh as
36
Ar,
40
Ca,
48
Cr, and
56
Ni. A new buttery mode of
vibration of the well established J
pi
= 38
+
resonane of the
28
Si-
28
Si triaxial moleule has
been disovered experimentally. The onnetion of alpha-lustering and quasimoleular
resonanes has been disussed with the searh for the
12
C+
12
C moleule populated by
the
24
Mg+
12
C breakup reation. The most spetaular result is the strong population
of the K
pi
= 2
+
band of the
24
Mg nuleus that has also been observed in an exploratory
investigation of the
12
C(
12
C,γ) radiative apture reation [33℄. Subsequent radiative ap-
ture experiments are planned in the near future with highly eient spetrometers (the
Dragon separator at Triumf and the Fma at Argonne) to investigate the overlap of
24
Mg states observed in the present work with radiative apture states. As far as the
γ-ray spetrosopy is onerned, the oexistene of α-luster states and SD states pre-
dited in
32
S by reent antisymmetrized moleular dynamis (AMD) alulations [36℄ is
still an experimental hallenge. This kind of experiments designed to measure very small
Γγ/Γtotal branhing ratios is extremely diult sine it requires not only high-eient
fragment detetion in onjuntion with a high-resolution Ge multidetetor suh as the
Gammasphere and Euroball 4pi γ arrays but also a large amount of beam time.
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